Nitrogen may enhance wheat grain quality even when wheat yield is not increased.
H ard red spring wheat (Triticum aestivum L.) is the wheat class predominantly grown in Montana. Hard red spring wheat in the northern Great Plains region is typically grown in no-till cropping systems without supplemental irrigation (Hansen et al., 2012) . Nitrogen fertilization directly and substantially impacts wheat production. Efficient N fertilizer management is critical for agronomic, economic, and environmental reasons (Chen et al., 2016; Efretuei et al., 2016) . Time and rate of N fertilizer application are important factors of nutrient management. Failure to prescribe the appropriate rate and time for fertilizer application often results in inefficient N management (Zhang et al., 2017; Hawkesford, 2014) . Excessive N rates are sometimes applied to wheat in the hope of increasing production (Liang et al., 2013) . However, wheat yield increase is not always linearly related to increases in N fertilizer application rates. Inefficient N management has been linked to N leaching, denitrification, volatilization, and decline in water quality (Ravishankara et al., 2009; Reay et al., 2012) . Nitrogen applications prior to (or at planting) may be considered advantageous by some producers, as it helps to better allocate their time and labor (Randall et al., 2003) and benefit from superior soil conditions and lower fertilizer prices (Bundy, 1986; Randall and Schmitt, 1998) . Applying all N at planting, however, may result in N loss before plant uptake occurs (Fowler et al., 1989; Wuest and Cassman, 1992) . In-season N applications enable matching the N supply with the crop's N needs and provide nutrients at the time when N uptake is at maximum, which facilitates efficient N fertilizer use (Walsh et al., 2009) .
Urea is an N fertilizer popular among crop growers due to its high N concentration, relatively low cost, and ease of handling (Weiss et al., 2009) . Nitrogen application at planting can be done by side-banding when the fertilizer granules are placed in a band below the seed row. This ensures good contact of fertilizer particles with the soil and creates a nutrient-enriched band for the crop's roots to extract the nutrients from. In-season fertilization with granular N sources such as urea is typically done by broadcasting (spreading the fertilizer onto the soil surface). Numerous studies have shown that surface broadcast-applied urea-N may be susceptible to severe losses due to the volatilization of ammonia (NH 3 ) produced during urea hydrolysis (Perin, 2019) . Ammonia volatilization refers to the loss of gaseous NH 3 from the soil following fertilizer applications. Volatilization is typically associated with higher soil pH (>7), warm soil temperatures, greater density of crop residue on the soil surface, and higher soil moisture (Hauck, 1984a) . With most Montana soils having a high pH, reducing NH 3 loss from urea applied to agricultural fields continues to be one of the greatest challenges for wheat growers. A minimum of at least 1.5 cm of precipitation is required to move surface-applied urea into the soil and to significantly lower the risk of gaseous N loss (McVay et al., 2010) . Thus, in dryland growing conditions of northcentral Montana, wheat growers rely on timely precipitation to contain the applied N within the plant-soil system.
No-till offers certain advantages including soil moisture conservation, erosion control, and increased soil organic matter content. However, nutrient management in no-till systems may be more challenging, compared with traditional till. In no-till cropping systems, crop residue left on the soil surface after harvest affects soil temperature and moisture content, which affects both N mineralization and the efficiency of applied N fertilizer. Crop residues are often shredded and broadcast-applied onto the soil surface. Some growers prefer to remove a portion of the harvested crop residue from the fields prior to wheat planting. This is typically done to ensure more uniform planting conditions and to encourage more consistent germination and emergence of wheat plants. Many grain producers currently harvest crop residues for livestock feed or other farm uses (Janssen and Whitney, 1995) . Studies have shown that a well-established and uniform stand of wheat is key to optimizing wheat grain yields (Taylor and Schrock, 1999; Fink and Humphreys, 2011) . Additionally, removing some residue from the fields, especially where extremely high residue levels are present, can also be beneficial in improving the efficiency of N fertilizer use.
Substantial differences in wheat yield and protein content are generally not expected to be affected by varying N fertilizer placement (broadcast vs. side-band) because N is very mobile in soils. On the other hand, the likelihood that placement may affect wheat yield is greater for semiarid conditions observed in most of the northern Great Plains because N mobility is lower in lower soil moisture conditions. Higher N losses due to NH 3 volatilization have been reported under no-till conditions (Nelson, 1982) . In notill conditions, urea placement under the surface residue and below the wheat seed has been shown to effectively reduce N immobilization and increase N uptake, recovery, and efficiency compared with surface broadcast N application (Carter and Rennie 1984; Malhi and Nyborg 1992) . Urease, the enzyme that catalyzes the hydrolysis of urea and leads to formation of NH 3 and CO 2 , is common and plentiful in crop residues. When the broadcast-applied crop residue is present on the soil surface, the applied urea fertilizer granules get trapped within the residue matter, thus preventing close fertilizer contact with the soil (Dinkins et al., 2008) . Wheat straw has been shown to be a major source of the increased enzymatic activity of the urease (Barreto and Westerman, 1989) .
A number of approaches have been evaluated in an effort to identify a cost-effective and efficient method of reducing N losses. The proposed strategies include the use of urease inhibitors, coatings, addition of acids or acid-forming components to the urea fertilizer, as well as incorporation and banding urea deep in the soil (Hauck, 1984b; Voss, 1984) .
There is a need to develop efficient N management strategies to maximize wheat grain yields and increase grain protein levels. The effects of N application rate and placement (broadcast vs. sidebanded) and residue management (undisturbed vs. removed) on biomass weight and N content, Normalized Difference Vegetation Index (NDVI), grain yield, and grain quality characteristics such as test weight, protein content of hard red spring wheat grown under dryland no-till conditions in Montana were evaluated.
MATERIALS AND METHODS

Study Area and Experiment Set-Up
Two dryland experimental sites were established in Montana in the cooperating wheat producers' fields (Fauque, Toole County; and Rouns, Chouteau County). The soils were Kevin clay loam (fineloamy, mixed, superactive, frigid Aridic Argiustolls), 0 to 4% slopes at Fauque, and Kevin-Hillon (fine-loamy, mixed, superactive, calcareous, frigid Aridic Ustorthents) complex, 2 to 8% slopes at Rouns. The Fauque field was a recropped field (planted following spring wheat crop in 2013), and the Rouns field was planted following fallow during the 2013 season. Choteau, one of the most widely grown red hard spring wheat varieties in Montana, was planted at 65 kg seed ha -1 pure live seed (PLS) with a small plot drill with Conserva Pak openers manufactured by Swift Machining. The plot size was 1.5 × 7.6 m, with five crop rows in each plot (0.3-m row spacing). The treatment structure is summarized in Table 1 . Treatments were arranged in a randomized complete block design with four replications. The study was established in the fields under dryland no-till conditions with very low residual soil N. Plots in several treatments were mowed using a grass mower and the residue was removed from the plots using a hay rake. Residue was left to remain undisturbed in the rest of the plots.
Nutrient Application
Prior to seeding, soil samples were taken from each plot, the samples were pooled by treatment and analyzed for soil texture, organic matter, and all soil macro-and micronutrients. Treatments 1 and 2 were established as unfertilized check plots. According to treatment structure, fertilizer N was applied as urea (46-0-0) at planting to achieve two target N rates, 135 and 270 kg N ha -1 . The urea was applied either in a side-band approximately 2.5 cm below the seed or broadcast-applied onto soil surface. The amount of residual N determined from the soil test N was credited for calculation of the application N rates. Other plant nutrients were applied according to current Montana State University guidelines for spring wheat. Pest and weed control were performed throughout the growing season as necessary to ensure high quality of collected data.
Data Collection and Analysis
The NDVI was measured using a GreenSeeker hand-held optical sensor (Trimble Navigation Ltd.) by scanning two middle rows in each plot at Feekes 5 growing stage (early jointing, beginning of stem elongation, prior to first visible node). Feekes 5 has been identified in a course of multiple field studies as the most appropriate sensing time for wheat because it provides reliable prediction of both N uptake and biomass. At maturity, wheat was harvested with a selfpropelled Wintersteiger Classic Combine (Wintersteiger Inc.). At harvest, plot grain yield was recorded for each experimental plot using a Harvest Master GrainGage, by Wintersteiger. The harvested wheat grain was dried in the drying room for 14 d at 35°C; then, the dried samples were weighed to determine the accurate by-plot grain yield, which was adjusted to 12% moisture. The by-plot subsamples were analyzed for total N content using near infrared reflectance spectroscopy (NIR) with a Perten DA 7250 NIR analyzer (Perten Instruments) at Agvise Laboratories (Northwood, ND).
Statistical Analysis
The effects of N application rate and placement (broadcast vs. side-banded) and residue management (undisturbed vs. removed) on biomass weight and N content, NDVI, grain yield, and grain quality characteristics such as test weight and protein content of spring wheat were evaluated. Analysis of variance was conducted using the PROC GLM procedure in SAS v9.4 (SAS Institute). Mean separation was performed using the Orthogonal Contrasts method at a significance level of 0.05.
RESULTS AND DISCUSSION
This article summarizes results from two locations from one growing season.
Grain Yield and Grain Test Weight
Grain yields ranged from 4.0 to 5.8 Mg ha -1 and from 4.3 to 5.1 Mg ha -1 at Fauque and Rouns, respectively. These wheat yield levels are typical for this production area. Previous work revealed a strong positive linear relationship between N uptake and spring wheat grain yield, indicating that the N requirement per kilogram of produced grain increases at the higher yield levels (Walsh et al., 2018a; Abdel-Fattah and Merwad, 2015) . At Fauque, the highest yield was observed for plots fertilized with the 270 kg N ha -1 rate, side-banded, with undisturbed residue, and the lowest for the unfertilized check plots with undisturbed residue. At Rouns, the highest yield was also achieved with 270 kg N ha -1 rate, side-banded, but with removed residue, and the lowest with removed residue when N was broadcast-applied at the 270 kg N ha -1 rate ( Table 2) .
Nitrogen banding may be most useful in lower soil residual N systems (such as recropped cereal grain systems, but not in most crop-fallow systems (Kushnak et al., 1992) . The higher grain yield with side-banded urea may have been associated with the fact that subsurface urea banding has the potential to reduce N losses compared with broadcast application (Rawluk, 2015) . Some authors reported that side-banding urea at higher rates may damage wheat seed and negatively impact wheat plant emergence. The seedling injury may occur due to the salt effect of the fertilizer holding soil moisture away from the seed and seedling, and due to NH 3 toxicity (Government of Saskatchewan, 2017). However, these concerns are only valid when urea is directly applied with the seed. Our plot equipment allowed us to place the urea granules in a band approximately 2.5 cm below the seed, which prevented seedling damage, even at higher application rates.
At Fauque, treatment with 270 kg N ha -1 , side-banded, with undisturbed residue resulted in a significantly higher grain yield, compared with 270 kg N ha -1 , broadcast-applied, with removed residue. In fact, treatments with 135 kg N ha -1 , broadcast-applied, with undisturbed residue and treatment with 270 kg N ha -1 , broadcastapplied, with removed residue yielded as low as the unfertilized check with removed residue. The lower grain yields for treatments with broadcast-applied urea may have been due to greater N losses, compared with treatments that received the side-banded urea at planting. Studies have shown that side-banding was more effective at reducing N losses than spring surface broadcast (Burton et al., 2008) .
At Rouns, all treatments resulted in comparable grain yields, except for those fertilized with 270 kg N ha -1 , broadcast-applied, with removed residue and 270 kg N ha -1 , side-banded, with removed residue. Although at Fauque the 135 kg N ha -1 rate resulted in significantly higher grain yield, compared with unfertilized check, further increase of N rate to 270 kg N ha -1 did not improve grain yields. No .4 c 4.7 ab 0.72 a Means followed by the same letter within each column are not significantly different at a = 0.05* response of grain yield to N application rate was observed at Rouns. At Rouns the side-dress N application resulted in higher grain yields, but no statistically significant difference in grain yield associated with N placement was observed at Fauque (Table 3) .
The results from the same growing area using the same wheat variety have shown that grain yield and grain protein content was optimized with N fertilizer application of 90 kg N ha -1 . On the other hand, increasing N rate to 135 kg N ha -1 did not further improve wheat yield or protein values (Walsh et al., 2018a) . In another N study for a nearby dryland location in Montana, spring what grain yield was optimized at 120 kg N ha -1 (Walsh and Girma, 2016) . In fact, only three of 8 site-years have benefited from the application of a higher N rate of 168 kg N ha -1 at seeding. This was further supported by the observation that grain yield had not responded to at-seeding N application rates above the lowest rate of 56 kg N ha -1 at 4 of 8 site-years.
Another study assessing wheat response to a variety of N rates and sources used 125 kg N ha -1 as an optimum N fertilizer rate for dryland spring wheat in Montana (Walsh and Christiaens, 2016) . In fact, for the same growing area, a rate of 220 kg N ha -1 has been recently used as a non-limiting N condition for spring wheat (Walsh et al., 2018b) . The lack of grain yield response to applied N in this and other recent studies suggests that the fertilizer recommendations may need to be revised to reflect the higher N use efficiency of newly released wheat varieties.
The Montana State University's dryland spring wheat recommendation (developed in the 1990s using the wheat N response trials performed in the late 1970s and 1980s) is to supply 1.5 kg available N per 27 kg of grain to reach 14% grain protein standard. Considering these recommendations and the average grain yields of 4.9 Mg ha -1 , the optimum N rate for this study should have been 295 kg N ha -1 . Current work is underway at Montana State University to revise N fertilizer recommendations and adjust them to newly released varieties. Wheat grain test weight is an important component of crop quality and value. Adequate fertility is important for meeting the test weight standards set by the grain industry. Nitrogen deficiencies are often reflected not only in lower wheat yields, but in lower test weight values as well. Nitrogen management focused on meeting, but not exceeding wheat yield potential maximizes the likelihood of good test weight levels in wheat (Isleib, 2012) . Test weight values were typical for hard red spring wheat, although they were slightly lower at Rouns (from 68.5 to 70.7 kg hL -1 ) compared with Fauque (from 70.1 to 75.3 kg hL -1 ) ( Table 2) . At both locations, grain test weight was significantly higher with N application, but only at 270 kg N ha -1 rate compared with unfertilized check (Table 4 ).
Grain Protein Content
Hard red spring wheat used in this study is associated with the highest grain protein levels, typically between 13 and 16% (US Wheat Associates, 2010). Wheat is considered to have a grain protein content threshold: at some level of soil residual N, increased levels of applied N fertilizer tend to result in greater protein values, whereas wheat yield remains stable (Government of Alberta, 2019) . Nitrogen primarily contributes to grain yield production; once the yield requirements for N have been met, continued N uptake later in the growing season contributes mainly to grain protein increases (Government of Saskatchewan, 2017). Among many environmental factors influencing wheat grain quality, the availability of N and water is often the most critical (Guttieri et al., 2005; Johansson et al., 2004) . Grain protein content values were excellent at Rouns (13.5-15.3%), and at Fauque grain protein content was somewhat lower (9.2-14.4%), with several treatments below the expected 14% threshold for the hard red spring wheat varieties ( Table 2) . As expected, the lower grain protein content was observed for the unfertilized check plots at both locations. Interestingly, at both locations, for the unfertilized check plots, numerically higher grain protein values were noted with undisturbed residue, compared with removed residue. This may have been due to greater soil moisture conservation provided by the residue left on the soil surface, which may have been particularly valuable for grain quality for plots with lower available N. Conservation of soil moisture is one of the key advantages of no-till production systems (Blevins et al., 1983) . The presence of undisturbed residue helps to maintain the no-till advantages of lower soil water evaporation and minimizes runoff (Fortin, 1993) . High yields tend to require more N ha -1 to increase grain protein levels by a point, compared with lower yielding environment; the grain protein increase from a given amount of N is smaller for higher than lower wheat yields ( Jones and Olson-Rutz, 2012) . The lower grain protein content was noted for the higher-yielding Fauque location, possibly due to the dilution effect. In wheat, the number and size of kernels are key components of grain yield (Bennett et al., 2012; Zhang et al., 2008) . Nitrogen, the key constituent of protein, is distributed among different numbers and sizes of wheat kernels, depending on growing conditions. In higher-yielding wheat plants, the N available to a specified plant is distributed among a greater number of grains (and/or within larger kernels); thus, the protein concentration is diluted accordingly in each kernel (Simmonds, 1995) . Strong response of grain protein content to N fertilizer rate was observed at both locations: there was a stepwise increase in grain protein values with increased N rate (Fig. 1, Table 4 ). Also, at Rouns, side-dress N applications resulted in significantly higher grain protein values, compared with broadcast-applied N (Fig. 2 , Table 4 ). Although in some cases N fertilizer placement was shown to not influence wheat grain protein levels (Karamanos et al., 2003) , the results of other studies suggest that subsurface placement of fertilizer N resulted in higher N concentrations (greater wheat grain protein content) compared with surfaceapplied N (Nkebiwe et al., 2016) .
Biomass Production
Biomass weight ranged from 6.2 to 12.3 g at Fauque, and from 20.4 to 31.1 g at Rouns ( Table 2 ). The Fauque field was a recrop (planted following spring wheat crop in 2013), whereas the Rouns field was planted following fallow in 2013. The higher biomass weight at Rouns could be associated with the fact that fallowed soil retained more moisture, compared with the continuously cropped soil at Fauque. Biomass weight was statistically different for the 270 kg N ha -1 rate compared with the unfertilized check at Fauque, whereas higher biomass weight was observed with 135 kg N ha -1 compared with 270 kg N ha -1 at Rouns (Table 4) . Biomass total N content was comparable at both locations, ranging from 4.2 to 5.0% at Fauque and from 3.8 to 4.8% at Rounds (Table 2) . Biomass total N content was significantly affected by the N application rate at both locations. Unlike at Fauque, at Rouns, 270 kg N ha -1 rate resulted in higher biomass N content compared with 135 kg N ha -1 (Table 4 ). In general, subsurface N placement led to higher N content in aboveground biomass, compared with surface broadcast-applied N fertilizer (Nkebiwe et al., 2016) .
Normalized Difference Vegetation Index is a spectral vegetation index widely used to estimate in-season biomass production. The NDVI is highly correlated with the amount and greenness of biomass vegetation produced by the crop. The NDVI values range from 0 to 1, with bare soil or unhealthy plants ranging between 0.2 and 0.4 and vibrant, green, vigorous, healthy plants ranging between 0.5 and 0.9 (Walsh, 2015) . The NDVI values were higher at Rounds (from 0.57 to 0.73) compared with Fauque (from 0.32 to 0.42). The NDVI reflects the amount of the photosynthetically active biomass (Wanjura and Hatfield, 1987; Walsh, 2015) ; thus, more vigorous wheat canopy with comparable N content at Rouns produced higher NDVI values compared with those at Fauque.
The NDVI values were affected only by the N fertilizer placement: side-banded N fertilizer application resulted in higher NDVI values, compared with broadcast-applied, at both locations (Table 4) . Several studies have shown NDVI to be closely correlated with biomass N content. Prabhakara et al. (2015) observed a strong relationship between NDVI and percentage groundcover (r 2 = 0.93) and found that NDVI was superior to other indices in predicting biomass production. Similarly, An et al. (2013) concluded that NDVI derived from reflectance in red and near-infrared wavebands was strongly correlated with aboveground biomass in grasses. The fact that biomass N content in our study responded to N application at both locations, but NDVI values did not statistically differ among N rates, may indicate that NDVI is more sensitive to the amount of biomass than to N content of that biomass
The correlation analysis has shown that residue management had no statistically significant effect on either of the assessed biomass and grain-related parameters (Table 3) . This agrees with findings by Janssen and Whitney (1995) , who reported that the residue treatments caused no statistically significant differences in grain yield for any crop they evaluated, including wheat. They found that neither the residue removal nor adding twice the normal crop residue to the soil surface influenced crop yield. A study conducted in non-irrigated no-till corn (Zea mays L.) showed that yields were only slightly reduced (and only at the lowest N rate) when all residue was removed over the 10-yr period (vs. when residue was retained). The authors suggested that this minimal reduction in corn yield was due to losses of soil moisture via evaporation in non-irrigated environments (Wienhold et al., 2012) .
At both locations, a strong positive correlation between N rate and grain protein content was observed (Table 3) . Assessing response of yield and grain protein content of a wide array of wheat cultivars to various N rates and application times, Colecchia et al. (2013) concluded that the highest N rate always resulted in the increased wheat grain protein content, independent on N fertilizer application time. Also, at Rouns, biomass N content was positively strongly correlated with N rate. Fertilizer N placement was strongly positively correlated with grain protein content at both locations, and with biomass N content at Rouns (Table 3) . Subsurface placement of N close to seeds and developing roots has been shown to increase N uptake, increase N concentration in aboveground biomass, and enhance wheat yields compared with surface broadcast application of N fertilizers (Nkebiwe et al., 2016) . Ehdaie and Waines (2001) observed that there was a strong positive correlation between the amount of N accumulated in the wheat shoot at anthesis and the amount of post-anthesis N loss from the plants. This indicates that greater N uptake by wheat plants does not always translate into higher grain yields due to accelerated plant N loss later in the growing season. The results of our study confirm that even if wheat grain yields are not always increased with N applications, N fertilizer could still be beneficial in terms of improved grain quality (grain test weight and grain protein content). This agrees with findings by Yang et al. (2018) , reporting that although wheat grain yield did not respond to N fertilization, wheat quality parameters (including flower protein content) were positively influenced by N application in all wheat cultivars assessed in that study.
Further research is necessary to verify these preliminary findings and to make conclusions regarding the effects of N placement and residue management in spring wheat. Also, further evaluation of NDVI usefulness as plant health assessment parameter needs to continue.
